In this paper the problem of representing the composite video signal for monochromatic T.V. transmission is examined and a method for computing the required spectral bandwidth is devised suitable for computer applications. The results obtained numerically are compared to measured results and to analytical solutions for a determinate signal for special cases. Comparison is made with some 'tmaximum horizontal resolution" methods with a resulting decrease in bandwidth requirements for most applications.
INTRODUCTION
A fundamental problem in the design of any communications system is specifying the bandwidth necessary for transmission of the required information. A television system is no different in this respect than any other communication system. However, estimating the bandwidth of a television system is a more complicated problem than its counterpart in most other communication problems. The basic reason for the added complication is that a television system must transmit a two dimensional picture over This work was supported by NASA Grant #NGR-32-003-037. Experimental data furnished by Dickey Arndt, NASA Manned Spacecraft Center, Houston, Texas. a one dimensional channel.
In most communication problems not only is the bandwidth important but knowledge of the actual spectrum is necessary in order to examine the effects of narrowing this bandwidth. The purpose of this work is to study video spectrums and attempt to answer the question of what is the necessary video bandwidth for satisfactory reproduction and to examine the composite video spectrum. All numerical analysis is based upon the parameters of the Apollo downlink television system but the mathematical developments are for a general television system with only the requirements being that it be monochromatic and use linear scanning for transformation into the time domain. PART 
I STANDARD METHODS FOR ESTIMATING VIDEO BANDWIDTH
The vertical resolution of a television system is directly proportional to the number of lines in the scanning pattern. The horizontal resolution is a function only of video bandwidth: i.e., the maximum number of vertical lines which may be reproduced is a function of the bandwidth of the system. It should be observed that the bandwidth necessary to achieve maximum horizontal resolution is not necessarily the bandwidth needed to transmit a given image.
There have been numerous methods devised for estimating the required video bandwidth of a television system. However, for the purpose of this work, the authors have selected three representative methods which appear most often. All of the methods have two things in common--specifying a worstcase bandwidth which is then used as a design guide-line, and disregarding the actual program material to be transmitted through the system.
Method of Maximum Information
One method of determining the bandwidth of a scanned video signal is to assume that each intersection of a vertical line with a horizontal scan line (using the maximum number of vertical lines) is a sample point. This means that the number of sample points will be the product of the number of horizontal scan lines, N, and the maximum possible number of vertical lines, Nh. Then each of these sample points may be considered quantized into eight levels. It has been shown that eight .uantitizing levels will represent an actual analogue television signal with reasonable accuracy. [21 The channel capacity necessary to transmit any signal is equal to the maximum rate of transmission of information.
If n symbols are assumed to occur with equal probability and each takes an identical time, tt, to transmit, then it has been shown [3] C/ = t bits/sec.
Itt (2)
Now the time required to transmit each sample is the number of samples divided into the vertical framing period = fNNh sec.
Thus the channel capacity required to transmit the assumed signal is C/= 3ffNNh bits/sec.
The appropriate relationship between bandwidth and channel capacity in a noisy channel has been shown to be [4]
The signal to noise ratio for high quality image reproduction has been shown to be approximately thirty. [5] (6) Using the parameters from Table 1 in Equation 6 , an approximation to necessary bandwidth for the Apollo system is obtained as BW (mode 1) = (.6)(10)(312)(250) = 468 khz. BW (mode 2) = (.6)(.625)(500)(1248) = 247 khz.
Method of Vertical Bars
In using this method for determining the required system bandwidth, an image consisting of nothing but vertical bars of alternating black and white illumination is assumed. It is further assumed The upper 3db frequency, f2, of a system which will pass a pulse with such a rise time is given by the approximation below which may be found in most texts on video amplifiers. [7] . The transform of the blanking signal in Figure 1 is Figure 3 with the amplitude component of the zero frequency term taken as a zero decibel reference. This plot does not show the components about the line frequency harmonics, because such detail is impossible to achieve on the frequency scale used. However, this detail has been plotted on a linear scale for the first two harmonics and is shown in Figure 4 . In making the plot in Figure 3 , the values for T, t9, and tf were taken from Table 1 The basic video signal, v(t), was a ten cycle square wave, yet due to the effect of the blanking signal, this pattern produces components which are only about 40db down from the maximum component at 100khz. This spectrum is analogous to, but certainly not the same as, the spectrum generated by sampling a bandlimited function. Figure 5 the spectrum of Bk(t)).
For the class of video functions with their bandwidths limited to the bandwidth of Bk(t), the general shape of the spectrum is defined by Bk(n). The justification for this statement can best be shown graphically, but before proceeding to such an argument, consider a restricted case of this class of v(t)'s. The case is one where v(t) is bandlimited to less than one-half of the line frequency. For such a situation, the composite video spectrum is given by Equation 17. An example of such a case is plotted in Figure 5a . An inspection of this figure reveals that the bandwidth of the composite video spectrum is given by the bandwidth of the blanking signal.
As the bandwidth of v(t) is allowed to increase, the situation becomes more complicated, due to the overlapping of the spectrum of v(t) about each of the line frequency harmonics. An example of this case is shown graphically in Figure  5b . This figure is drawn by considering only five of thirty or forty v(w)'s displaced about each of the thirty or forty line harmonics given by BZ(n). v(w) is 359 i xI placed about each line harmonic with the amplitude of v(w) multiplied by the value of BZ (n) at that harmonic then the envelope of the composite video spectrum was approximated by adding on a point to point basis the envelope of all the v(w)'s. Since only five v(w)'s were considered, this is a fairly crude approximation, but it serves to illustrate the point. A close inspection of Figure  5 will reveal that the harmonics in the upper frequency regions are still very small and that the bandwidth of the composite video signal is still quite close to that of Bt (t) taken alone. However, the actual fine structure of the composite video signal is no longer easily obtained by this method, since it requires adding all of the components of the various overlapping v(w)'s at a frequency to obtain the amplitude of that frequency component. Since the line frequency is a harmonic of the frame frequency and each of the sideband components is separated from the line frequency by multiples of the frame frequency, the overlapping about the line frequency harmonics places sideband components of one line frequency harmonic on top of the sideband components of the next line frequency harmonic.
When the second class of v(t)'s is present, v(t) will be the function which determines the bandwidth and not B2(t).
Consider first the trivial case of v(t) being a unit impulse. Since v(w) is then displaced about each of the line frequencies, it is obvious that the bandwidth of such a spectrum is infinite, because the v(w) placed about the origin extends to infinity with unity amplitude and the other spectrums are only added to this one.
As a second example, consider a v(w) bandlimited to about four times the bandwidth of Bp (t), and assume v(w) is a unity constant out to the limiting frequency. A plot of this situation is shown in Figure 5c , once again using only five of the components to obtain the envelope of the spectrum of the composite video. Inspection reveals that the 3db bandwidth of the composite video for this case is g'iven exactly by the bandwidth of v(w), and the only effect which blanking has on the composite video spectrum is to raise the level of the very high frequency terms, but they still do not become of appreciable size.
It Thus carrying out the indicated integration for the pulse train in question, However, the series in Equation 25 may be put into closed form [10] 
The envelope of the resulting v(t) has been plotted in Figure 7 Figure 7 harmonics of f, the peak occurs farther away from the line frequency and thus the spectrum becomes more diffused in the higher portion of the video range for non-vertical lines. This effect is analogous to putting a band of frequencies into a frequency doubling circuit, and the output is a band of frequencies twice as wide. For example, is At is .Oltk, then the first peak occurs at f = .99fk, but the 50th peak occurs at f = 49.5fk or halfway between the forty-ninth and fiftieth harmonic of the line frequency. 
General Aspects of the Spectrum of v(t)
There are several points of interest concerning the video spectrum which are brought to light by this approach. The first of these is that the process of scanning transforms each of the spacial Fourier components of B(x,y) into a component in the spectrum of v(t). This transformation is made on a one to one basis and any nonlinearity in the scanning device which alters the amplitude of these components or generates new ones will produce distortion of the video signal.
Another item of interest is the ef- Figure 9 is a blown-up portion of a part of such a spectrum of v(t). Note that if the frequency of the motion is greater than 1/2 the frame frequency, aliasing will result, causing a blurring effect in the received image.
Another point of interest is the effect of scanning with a finite aperture. Up to this point in the discussion, the aperture through which the scanning device viewed the image has been assumed to be a point. If it is not a point but rather a small area with its response dependent upon the location of the image point in the area, then these results must be modified. The effect of such an aperture is to smooth the time series representing v(t) and thus to modify the spectrum much as a filter would. By extending this basic filter concept, Mertz and Gray [11] were able to show that a finite two dimensional aperture has the effect of a comb filter with its response peaks at the harmonics of the line frequency. Thus, the effect of a finite aperture on the spectrum is to further confine the components to bands of frequencies about the harmonics of the line frequency. (The convergence of the Fourier series expansion of v(t) also has the effect of confining the energy to these bands in the spectrum.)
One precaution which must be observed in using this method is that B(x,y) must truly be a function of both x and y. Otherwise, the integrals of Equations 34 and 35 are identically zero. However, this is not a fault of the theory, but rather a violation of one of its assumptions. It is tacitly assumed that the Fourier series for B(x,yl) differs from that of B(x,y2). If B(x,y) is not a function of y, the theory collapses. However, when this condition exists, the situation is easily rectified by expanding B(x) or B(y) in its corresponding one dimensional series. . Also Equations 40 and 41 are in a form which may be used for machine computation, since their evaluation requires no more than arithmetical operations.
Development of a Numerical Method for

Description of the Computer Program to Find the Spectrum of v(t)
In order to use Equations 40 and 41 for machine computation, the brightness function B(x,y) must be specified at 4 MN points equally spaced over the image. In the program used on this project, this was done by forming B into a matrix and storing this matrix on tape. The [13] .
The first image which was selected for analysis was a white circle and black background. This image was chosen for two reasons. The first was that it represents typical program material for the Apollo television system: i.e., such an image would be seen by astronauts as they approach the moon in their Apollo space capsule. Secondly, an exact analytical result for this image was given by Mertz and Gray in 1934 [11] . Table  III Another example for which analytical results are available is the diagonal bar presented in Part II. Therefore, as a second check on the computer algorithm, this spectrum was investigated. The spectrum of the white bar placed at an angle of 450 with the x axis was analyzed using the computer routine. The results are presented in Figures 10, 11 , and 12. Figure 10 is the spectrum of the line frequency harmonics and represents the over-all coarse spectrum. Observe that the envelope is very nearly the sin x/x distribution of a single pulse produced by the scanning process as was predicted in Part II. Figures 11 and 12 are blown-up versions of Figure 10 , showing the fine detail of the spectrum--both the low and the high frequency regions. The actual numbers are representative of the Apollo (mode 1) system. Observe that the spectrum is more diffused from the line frequency harmonics in the upper frequency regions, as was predicted for a nonvertical line in Part II.
Extension of Computer Model to the Composite Video Spectrum
Up to this point in this chapter, the spectrum under consideration has been the spectrum of the video signal only: i.e., without blanking and syn- 3200  3210  3220  3230  3240  6400  6410  6420  6430  6440  9600  9610  9620  9630  9640  12800  12810  12820  12830  12840  16000  19600  22800  26000  29200  32400  35600  38800  42000 Figure 13 and the resulting v(t) is sketched. With this simple extension, the computer algorithm presented in the last section yields the composite video spectrum generated by transmitting any monochrome image. In the examples close observation will reveal that the nulls in the calculated spectrums are slightly shifted from those measured by NASA. The reason for this is the different ratios of the T/t . NASA's ratio was .0965 while the best approximation to this which can be made using the previously mentioned 300 by 300 grid is .100. With the model extended to the composite video spectrum, it is now feasible to determine spectrums of standard television test patterns. The ones selected for this study are representative of those used by NASA engineers for testing the Apollo system.
Knowing the theoretical spectrum of standard test patterns is important to television engineers for two reasons--one being to insure the test pattern is actually testing the parameter of the system which it is designed to test, and secondly, to compare with experimental test data to evaluate system performance. The pattern selected for this work to demonstrate the use of the model is the grate scale pattern shown in Figure 14 . The contrast ratio is 100, and the plots of the spectrum are made using mode 1 Apollo scan parameters. The composite video spectrum produced by the grate pattern has been plotted in Figure 15 . Figure 16 is a measured reproduction of the spectrum. The agreement is seen to be quite good in general, with the major difference being in the large peak at 50 KHz which the computer algorithm predicted but was not published in-the measured results. However, the peaks at 100 KHz, 150 KHz, 200 KHz, and up do agree. The fact that a peak was measured at 100 KHz and at intervals of 50 KHz thereafter indicates that these peaks are being generated by a 50 KHz fundamental and its harmonics. Thus, it would seem that the algorithm is correct and the lack of this large 50 KHz peak may represent an oversight in the measured spectrum.
An interesting phenomenon was observed in calculating this spectrum. The contrast ratio first used was infinite, then changed to 1000, and finally changed to 100. As this ratio was decreased, the peaks of the spectrum were lower and the level of the valleys raised. This phenomenon apparently has not been observed by other workers in this area and needs experimental verification to prove or disprove that the contrast ratio has an effect on the composite video spectrum. A mathematical model for a deterministic composite video signal has been presented and-the resulting spectrum examined. The most difficult problem involved in using the model was obtaining the spectrum of the scanned video signal. This problem was solved by applying the methods of numerical analysis to the theory of scanning developed by Mertz and Gray and extending this theory to in--clude blanking. The resulting computer program will obtain the composite video spectrum resulting from scanning any general image.
Obtaining the spectrum of the composite video signal was only half of the problem, however. The related problem of specifying the necessary bandwidth for a television system was discussed. The, conclusions concerning bandwidth which may be drawn are twofold. First, if the program material which the television system must transmit is known, then the methods of this work may be applied to this material and the resulting spectrums will determine the necessary system bandwidth. The bandwidth determined in this manner will be a much better approximation than any of the methods presented in Part I. For example, if the only image to be transmitted is the half black and half white test pattern examined in Part II, then the necessary system bandwidth would be on the order 100 KHz. (Assuming Apollo mode 1 scan parameters) This is approximately one-fourth of the bandwidth predicted by any of the methods in Part I. However, if the only specification concerning the bandwidth available is the maximum horizontal resolution, then the standard methods presented in Part I yield good estimations of the maximum bandwidth. Even in this case, it is f easible to use the methods of this work on probable images and let the results serve as a check on the standard methods.
An extension of this work to random video processes would relieve the burden of knowing the exact images to be transmitted. L. E. Franks of Bell Telephone Laboratories has published a paper in this area. [9] A proof is herein derived for the first of the lemmas used in the text. 
